Evidence from published nuclear magnetic resonance studies of enzyme-substrate and enzymeinhibitor systems shows that substrates are confined at the active site of the enzyme, have a relatively long residence time, and tumble in solution as an enzyme-substrate complex. The consequences of this "substrate anchoring" with regard to the catalytic power of enzymes are considered. It appears that as a result of the relatively slow motions, the probability of existence of the "activated complex" in the enzymatic reaction may be increased and thus the reaction rate may be accelerated by factors of between 106 and 109. It is estimated that the combined effect of substrate anchoring, desolvation, and charge compensation may lead to reaction-rate accelerations by factors of between 109 and 1018.
effect of substrate anchoring, desolvation, and charge compensation may lead to reaction-rate accelerations by factors of between 109 and 1018.
The main characteristic of enzymes, i.e., the fact that in their presence reaction rates are specifically accelerated by more than 12 and in some cases up to 20 orders of magnitude, has hitherto remained an enigma (1, 2) . It seems, however, that the rationalization of the catalytic power of enzymes has been based on models that usually do not consider the dynamic properties of the enzyme-substrate system and, therefore, some of them seem to be rather unrealistic.
Recently there has been a growing accumulation of data, obtained by nuclear magnetic resonance spectroscopy, which pertains to the dynamic characteristics of enzyme-substrate and enzyme-inhibitor complexes. The most important restilt of these studies appears to be the observation that the correlation time for random reorientation of an internuclear vector in an enzyme-substrate (or inhibitor) complex is the tumbling time of the complex itself (or a shorter electron-spin relaxation time for complexes containing some paramagnetic labels) and that the residence time of the substrate (or inhibitor) on the enzyme is much longer than the correlation time (3) (4) (5) (6) (7) (8) (9) . In fact, residence times of the order of 10-L-10-2 sec for NADH and NAD on liver alcohol dehydrogenase can be inferred from the kinetics of the enzymatic reaction (10) . The possible consequences of this "substrate anchoring" by the enzyme regarding the catalytic power of enzymes are considered in the next section.
SUBSTRATE ANCHORING AND REACTION RATE ACCELERATION
For convenience we will discuss the course of a reaction of the form A +BzC (1) characterized by a forward rate constant k0. The same overall reaction in presence of a specific enzyme has a rate constant ke, and is accelerated by a factor of ke/ko. The profile of the potential energy along the reaction coordinate (in the absence of enzyme) is depicted in Fig. 1 (11) . Region I corresponds to the solvated reactants. Region II characterizes the course of the potential-energy change preceding the formation of the "activated complex", C*, and Region III the course after the chemical transformation has occurred. Region IV corresponds to the solvated products. Since the "activated complex" of an enzymatic reaction is carried by the enzyme, parts of Regions II and III, on both sides of the border line between them, occur on the enzyme. In aqueous solutions (at about 370C) the molecular tumbling time of small molecules is very short, of the order of 10-11 see, and for water molecules it is even shorter (about 10-12 sec). Therefore, if the "activated complex" dissociates instead of proceeding to products, the reactants will be rapidly solvated and reach Region I and, only after a new collision, will a new "activated complex" be formed. If, on the other hand, vibrational or restricted rotational motions of the substrates at the active site of an enzyme cause a disruption of the "activated complex", the substrate anchoring may be visualized to have the effect of keeping them much closer to the border line between Regions II and III and therefore the probability of formation of a new "activated complex" is enhanced and the rate constant correspondingly increased. The shape of the potential energy profile in the presence of the enzyme is probably different than that shown in Fig. 1 . The first step in reaction (1) is the formation of an AB complex. In solution, the rate of formation of AB is usually diffusion controlled and is characterized by a time constant of the order of [10] [11] sec.* The dissociation of the complex is caused by vibrational motions, which are usually characterized by a AB Reaction Coordinate Fig. 1 . The potential energy along the reaction path.
* Complex formation involving desolvation may introduce additional potential energy barriers, slowing down the diffusion-controlled process by a factor of about 102 (12) .
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time constant of the order of 10-13 sec. Due to substrate anchoring, however, the mean lifetime of the AB complex on an enzyme is much longer. From nuclear magnetic resonance data, the mean lifetime of an enzyme-substrate complex may be estimated to be of an order of magnitude between 10-7 and 10-4 sec (3) (4) (5) (6) (7) (8) (9) . From the following argument the probability for the reaction to proceed may be expected to increase correspondingly. The probability of forming an "activated complex" may be assumed to obey a simple exponential law and the ratio of the probabilities in the two cases to be given by P(ti)/P(t2) = (1 -e-wtl),(1-e -W212). If we consider the reactions to proceed via a similar pathway, i.e., wi = w2, and if the rate constants are such that wit, and w2t2 << 1, then P(tl)/ P(t2) = t1/t2.
If the formation of an ABEnz complex is also diffusion controlled, the rate acceleration due to substrate anchoring may be by factors of between 106 and 109. It may appear from the suggested model that slow relative movements will result in higher probabilities for reaction and, since the characteristic times involved are expected to obey a simple exponential law (r = Toe -E/RT), the rate should increase with lowering of the temperature. The observability of such "negative" temperature behavior depends on the activation energies of all the processes taking place along the reaction coordinate. For movements of low activation energy, the net result will be a decrease in the apparent activation energy of the enzymecatalyzed reaction, which is indeed often observed (1, 2, 13, 14) .
The effect of substrate anchoring is entropic in origin since it does not assume a change in the energy levels available to the system but rather a shift in the fraction of time spent at each of the energy states (11) (see also ref. 13) . A favorable change of the energy states, e.g., by desolvation and charge compensation, should also lead to rate acceleration (see Discussion) .
The effect of substrate anchoring may appear to be similar to the so-called proximity effect (15) ; however, here we have considered the duration of the proximity. As shown above, the long residence time of substrates at the active site of an enzyme and in the vicinity of each other may lead to rate accelerations by factors of between 106 and 109. The rate acceleration observed by going from inter-to intra-molecular reactions of the same mechanism (see ref. 1 (19) . They reached the conclusion that desolvation alone may lead to rate accelerations by a factor of 103 or more (19) . To emphasize this point, one should consider the water molecule as a reactant. For a water molecule to react, it has to be disengaged from at least some of the four hydrogen bonds in which it serves both as proton donor and proton acceptor.
The effects of desolvation in this case may be even more pronounced. Also (for a reaction between substrates of similar charge), charge compensation due to binding of charged substrates on oppositely charged groups at the active site of the enzyme may reduce the potential energy of the "activated complex" and lead to rate accelerations by factors of up to 3 X 10".t Combined with the effects of substrate anchoring and desolvation, the anticipated factors for rate accelerations by enzymes are thus estimated to be between 109 and 1018.
From the above considerations, and the vast amount of knowledge on enzymes (1, 2, 13, 14) , the following general model for the catalytic power of enzymes emerges. The enzymes provide chemically-and sterically-specific sites for substrate binding. As a result of the binding to the enzyme, the substrates are desolvated, the charges of some of their ionized groups are compensated, their rotational and translational motions relative to each other, as well as relative to the enzyme "surface", are greatly restricted, and the reacting groups are precisely oriented, thus enabling the reaction to proceed with high probability and minimal activation energy. In addition, for some enzymes, the catalytic power may be further enhanced by formation of stable intermediates, nucleophilic catalysis, and by specific acid-base catalysis in which the enzyme provides the catalytic groups (1, 2, 13, 14) . The flexible structure of the enzyme molecule allows for conformational changes to occur due to binding of subt The repulsion energy between two similar unit charges, 10-A apart, can exceed 10 kcal/mol, depending on the dielectric constant of the medium. The potential energy of repulsion is given by Eq = q2/er. T Recently the concept of "orbital steering" has been advanced with regard to the catalytic power of enzymes (20) . It is unclear from its formulation (20) (2) , which may in turn affect one or more of the static and dynamic characteristics of the "activated complex" and thereby control the reaction rate. While the enzyme-catalyzed reaction undoubtedly proceeds according to the same laws as govern chemical reactions in general, the mechanism of the reaction may be different, (within the framework of these laws) than that of the uncatalyzed reaction.
The effects of desolvation, proximity, and restriction of movements on reaction rates have recently been demonstrated by Bruice and Turner in a study of model organic reactions (22) . These authors (22) give also a detailed comment regarding what they consider to be the inadequacy of the proximity theory of Koshland (15) . The effects of precise orientation have been emphasized by Storm and Koshland in an investigation of rates of lactonization (20) . In the latter case, however, the possibility of restricted movements has not been considered in the rationalization of the observed rate constants. It seems that the duration of the proximity and orientation of the reacting groups is of particular importance when comparing rates of esterification.
A detailed evaluation of the mechanism for a given enzymatic reaction and of the properties of, and the configuration and dynamics at, the active site should enable one to establish the extent to which each of the factors governing the catalytic power of enzymes is important for the particular case.
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